The ability to integrate micro-channels for fluid transport with optical elements is attractive for the development of compact and portable chip-based sensors. Femtosecond Laser Direct Writing (FLDW) in transparent materials is a powerful tool for the fabrication of such integrated devices. We demonstrate the use of FLDW to fabricate coupled micro-fluidic channels and optical waveguides towards an integrated sensing device for molecular detection. Waveguides were directly written into the host material and channels were formed by modifying the molecular structure through FLDW followed by wet chemical etching. Multiple host materials including chalcogenide glasses for IR detection are discussed.
INTRODUCTION
The advancement of highly functional and portable Lab-on-a-chip systems for detection and monitoring of fluids has led to a rapid increase in the development of devices incorporating both microfluidic channels and optical elements [1] . Much of the research to date has focused on fabricating such devices in PDMS or oxide glass as the substrate material due to ease of processing and low material cost [2] [3] [4] . However, the use of such materials limits the functionality of the fabricated devices in the optical domain to near-IR wavelengths. Chalcogenide glasses (ChGs) offer high IR transparency, structural flexibility, and the ability to "tune" physical and optical properties through chemical composition and are thus ideal material candidates for integrated devices capable of sensing chemicals and biological toxins which have their spectral fingerprints in the mid-and far-infrared range [5] [6] . In this paper, we describe the fabrication of optical elements and micro-channels on an integrated chip-based platform in chalcogenide glass through both lithographic processing and femtosecond laser direct writing. We demonstrate the fabrication of high-Q optical resonators fabricated in Ge 17 Sb 12 S 71 chalcogenide glass using a CMOS-compatible lift-off technique coupled to PDMS microchannels for the detection of isopropanol (IPA) of varying concentrations. Finally, we explain that femtosecond laser direct writing can be used to fabricate optical waveguides and to form a surface micro-channel when combined with wet chemical etching.
LITHOGRAPHIC PROCESSING
In the effort towards a miniaturized, low cost chem-bio sensor that is robustly integrated on a chip, two types of optical resonant sensing mechanisms have been theoretically evaluated and experimentally demonstrated: refractive index sensing of biological molecular species and absorption sensing of chemicals in a gaseous or aqueous environment. The PDMS Channel PDMS '4 U former mechanism requires the detection of molecular binding-induced refractive index change near the sensor surface. The optical resonant frequency shift of a high-Q resonator can be resolved as a result of the index change. In this case, the specificity/selectivity of the sensor relies on functional surface coatings that bind only to a specific type of target molecules, such as in antibody-antigen pairs and complimentary DNA strands. Examples of such sensors include surface plasmonic resonance (SPR) sensors [7] , photonic crystal sensors [8] and fiber-optic sensors [9] . For absorption sensing, the optical absorption of chemical molecules near the sensor surface leads to a detectable resonant peak extinction ratio change accompanied by a cavity Q-factor decrease. Therefore, it is possible to perform absorption spectroscopy at resonant wavelengths of a resonator that supports multiple longitudinal modes simply by measuring its transmission spectra. Similar to Fourier transform infrared spectroscopy (FTIR), the characteristic absorption fingerprint can be used to differentiate between different molecules.
In both approaches, we used a device platform comprising of high-Q chalcogenide glass resonators integrated with microfluidic channels. The advantages of such optofluidic integration are three fold: 1) compact, high-density optofluidic integration is essential for sensor device miniaturization; 2) it allows the direct interaction of analyte molecules with optical fields inside the optical resonators, in a highly controllable fashion; and 3) the high flow velocity in the channels leads to hydrodynamic thinning of boundary layers, which enhances mass transport and reduces the sensor response time.
Details of the optical resonator fabrication in Ge 17 Sb 12 S 71 chalcogenide glass bulk is described elsewhere [10] [11] [12] . PDMS (Sylgard 184 Silicone Elastomer, Dow Corning Inc.) microfluidic channels with a width of 100 μm and a height of 30 μm were fabricated via replica molding. After oxygen plasma treatment, the channels were irreversibly bonded onto the chips on which the microdisks were patterned. Liquid inlet and outlet access holes were punched prior to bonding, and PTFE (polytetrafluoroethene) tubing was attached into the access holes to complete the hybrid microfluidic chip fabrication. Fig. 1 shows a top view of the Ge 17 Sb 12 S 71 optical resonators within a microfluidic channel defined by an overlaid PDMS structure. In an alternative approach, microfluidic channels can be directly ablated in bulk silica, polymer or chalcogenide glass to allow monolithic optofluidic integration. During refractive index sensor testing, deionized (DI) water solutions of isopropanol (IPA) of varying concentrations were injected into the channels through a syringe pump, and the resonant peak shift due to ambient refractive index change was monitored in situ. The measurements with different concentrations of solutions were repeated twice to confirm reproducibility. TM polarization transmission spectra of a Ge 17 Sb 12 S 71 resonator in IPA solutions of various concentrations are shown in Fig. 2 (a). The resonant wavelength shift as a function of IPA concentration and corresponding solution refractive index is plotted in Fig. 2 (b), and a refractive index (RI) sensitivity of (182 ± 5) nm/RIU is inferred from the fitted curve slope. By applying a Lorentzian fit to the resonant peaks, we show that the resonant wavelength can be determined to an accuracy of ~ 0.1 pm limited by noise, corresponding to an index detection limit of 8 × 10 -7 RIU and a time-normalized sensitivity S* = 2 × 10 6 Hz 1/2 /RIU [13] . Such a high sensitivity can be attributed to the narrow spectral width of optical resonance in a low-loss glass resonator. 
FEMTOSECOND LASER FACILITIES
The laser source for femtosecond direct laser write processing (FLDW) was a home-built X-cavity Ti:Al 2 O 3 oscillator. The length of the laser cavity was designed to be ~5.75 m using a 1:1 telescope in one of the arms in order to achieve a maximum output pulse energy of ~15 nJ. The resulting repetition rate was 26MHz. A schematic of the laser cavity is shown in Fig. 3 . Laser light was focused with a 0.25NA microscope objective onto the sample, which was placed on a 3D translation stage (Newport VPX25). 
MATERIALS FOR FLDW
A set of three chalcogenide glass film compositions were chosen for this study: As 36 Ge 6 S 58 , As 42 S 58 , and As 36 Sb 6 S 58 . These glasses were prepared as bulk samples and then deposited into thin films using thermal evaporation. Arsenicbased chalcogenide compositions were chosen for the femtosecond laser direct writing study as a previous study demonstrated a positive index change after femtosecond laser modification of As 2 S 3 [14] , whereas the germanium-based composition displayed a negative refractive index modification [15] .
Glass preparation
Bulk glasses in the systems and As-Ge(Sb)-S were prepared in 40g batches. The glasses were melted from high purity elements As (Alfa: 99.999%), Ge (Aldrich: 99.999%), Sb (Alfa 99.9%) and S (Cerac: 99.999%). Starting materials were weighed and batched inside a nitrogen-purged glove box and sealed using a gas -oxygen torch under vacuum into quartz ampoules. Prior to sealing and melting, the ampoule and the 25g batch were pre-heated to 100°C, while under high vacuum, for 4 h to remove surface moisture from the quartz ampoule and the batch raw materials. The ampoule was then sealed with a gas-oxygen torch and heated to between 850 and 925 °C, depending on composition, and melted for 48 hours. A rocking furnace was used for melting in order to increase the homogeneity of the melt. Once fully homogenized, the melt-containing ampoule was air-quenched to room temperature. To avoid fracture of the tube and glass ingot, the ampoules were subsequently returned to the furnace for annealing for 15 hours at 40 °C below the glass transition temperature (T g ). Bulk glasses were cut, polished, and optically examined for homogeneity.
Film deposition using thermal evaporation process
Chalcogenide glass thin films with thicknesses of 400-1000 nm were prepared by thermal evaporation of the bulk glass used as targets on glass microscope slides. The evaporations were carried out in a 112 Evap-Sputter Station (PVD Sys. Inc) with a base pressure 2x10-7 Torr. A shutter system was used to control exposure time and a working distance of 8 cm was maintained between the target and substrate. During evaporation, the current and voltage on a molybdenum boat containing small pieces of bulk glass was monitored to bring the glass to a temperature just above the melting point in order to establish a vapor pressure in the chamber needed to maintain a constant deposition rate of approximately 2 nm/s. A thermostat stage was also employed to maintain the substrate temperature at 25 °C throughout the deposition process. The resultant films were cleaved into 2 pieces. Films were stored in a darkened desiccator for approximately one week prior to annealing. One piece of each film was then annealed at 60 °C below the glass transition temperature of the corresponding bulk glass to allow relaxation to occur without inducing thermal stress or causing crystallization.
WAVEGUIDE FABRICATION AND CHARACTERIZATION
A series of waveguides were fabricated in each of the glass films using femtosecond laser direct writing with varying laser parameters. We have previously shown for several chalcogenide glass compositions that the magnitude of femtosecond laser induced photo-modifications are the largest for pulse energies just below the material ablation threshold [14] [15] [16] . Therefore, each of the films was irradiated at 90% of its ablation threshold (0.12nJ) in order to compare the relative photosensitivity of each film and its capacity as a host material for waveguide fabrication. At this pulse energy, six waveguides with a varying number of laser pulses incident on the sample per laser focal spot were fabricated on each film. The photo-induced waveguides were then analyzed for modification of the surface profile and the refractive index in order to characterize the affect of laser irradiation on the physical and optical properties of the glass.
The surface profiles of the fabricated lines as a function of the number of pulses per spot normalized to the film thickness were measured using a Zygo NewView6300 3D Optical Profilometer and are given in Fig. 4 . Number of Pulses (x106) Fig. 4 : Change in surface profile (photo-expansion) of laser-written lines in as-deposited As 36 Ge 6 S 58 , As 42 S 58 , and As 36 Sb 6 S 58 normalized to film thickness. Each film was irradiated at 90% of its ablation threshold.
Upon exposure to femtosecond laser irradiation, these films exhibit a photo-expansion or a decrease in density, which is consistent with previous observations of other chalcogenide compositions. The magnitude of this photo-expansion increases with the number of pulses per spot incident on the sample. This trend is consistent with previous studies of chalcogenide films and results from a higher number of bonds rearranged in the glass matrix with increasing energy dose absorbed by the glass [15] . Under these conditions, the As 42 S 58 and the As 36 Ge 6 S 58 film reacted similarly to the laser light. The surface of the As 42 S 58 film expanded up to 5 nm, corresponding to an increase of the film thickness of 1.2%, while the As 36 Ge 6 S 58 film thickness increased up to 7nm, corresponding to an increase of 0.8%. It is interesting to point out that the As 36 Sb 6 S 58 film did not exhibit any observable photo-expansion. This result suggests that the addition of antimony atoms into the glass matrix affects the glass bond structure in such a way that the altered state induced by the laser irradiation has the same density as the initial structure. The height of the expansion varied slightly along the length of the fabricated feature, presumably due to a combination of slight material inhomogeneity, dust, and translation stage error. The error bars are an indication of this measured variance.
The refractive index of the fabricated structures was measured by placing the sample in one arm of an interferometer using the Zygo NewView 6300 and creating a white light interferogram as discussed in Refs [14] [15] . In this configuration, any change in either the thickness or refractive index of the glass is manifested as a shift in the series of the linear fringes of the interferogram. A Fourier Frequency Analysis (FFA) was used to extract the femtosecond laserinduced modification of the optical path [18] . The induced refractive index change was then calculated using the independent surface profile measurement of the induced thickness change from Fig. 4 [15] .
The refractive index measurements of the waveguides as a function of the number of pulses per spot are shown in Fig. 5 . In these films, the variance in composition among the glass types has a significant impact on the magnitude of the refractive index change. It was found that As 36 Ge 6 S 58 had a small negative induced refractive index change (Δn) of -0.005, whereas As 42 S 58 , and As 36 Sb 6 S 58 exhibited a large positive Δn of 0.06 and 0.09 respectively for 10x10 6 pulses per spot. However, the relationship between induced photo-expansion (density change) and refractive index change is not direct. This is illustrated by the observation that the As 36 Sb 6 S 58 composition had the largest Δn with no measured photoexpansion and that As 42 S 58 and As 36 Ge 6 S 58 had similar magnitudes of photo-expansion but vastly different induced Δn. Because the refractive index is linked to both density and the material polarizability through the Lorentz-Lorenz equation [19] , these observations indicate that fs laser irradiation modifies the polarizability and density in these materials by independent processes. The details and dynamics of this would be an interesting area of further research that has the potential to help explain and predict the photo-response of glasses to femtosecond laser irradiation.
MICRO-CHANNEL FABRICATION
In addition to the fabrication of waveguides, FLDW can also be used to fabricate micro-channels in glass. We present here the fabrication of a surface micro-channel in As 42 S 58 through femtosecond laser direct writing and subsequent wet chemical etching. Bulk material was used to allow for a greater etch depth and to characterize the compositiondependent kinetics of the etching process. A channel fabricated in this method is similar to the lithographically fabricated ones discussed in section 2 and can be used for fluid or gas transport in an integrated device once covered with a cap layer such as a PDMS mold or glass welded around the channel.
In the first fabrication step, a photo-modified line was written on the surface by focusing 0.17 nJ pulses onto the surface with a 0.25NA microscope objective and translating the sample such that 10x10 6 pulses per focal spot were incident on the sample (10 μm/s). As seen with the thin film irradiation, the irradiation resulted in a modification of the material bond structure leading to a decrease in density that can be exploited during the etching phase. Fig. 6 shows a cross section of the surface profile of the feature with a measured photo-expansion of 50 nm and a FWHM of 1.5 μm taken with the Zygo NewView 6300. The photo-modified line was then converted from a relief line to an etched micro-channel by immersing the sample in a solution of 62.5% Propylamine for 80s. The sample was suspended in the solution above a magnetic stirring capsule in order to facilitate debris removal. The Propylamine solution preferentially etched the photo-modified glass, resulting in a channel. It should be noted that as the laser irradiation step created a raised surface profile, the height of the expansion was only a fraction of the total post-etch channel depth and did not significantly limit from the resultant channel depth. Fig. 7 shows a cross section of the final trench resulting from etching the relief line shown in Fig. 6 taken with the Zygo NewView 6300, measuring 5.38μm wide and 2.3μm deep. The increased width of the channel is likely due to an increased exposure of the sidewalls to the etchant relative to the base of the trench and would then be controlled by the total etching time. Small channels of this size are ideal for applications involving low sample volumes and can be used for fluid or gas transport. 
CONCLUSION
We have demonstrated the fabrication of optical and fluidic structures in three compositions of chalcogenide glasses using two fabrication methods. It has been shown that while similar in chemistry, the glass systems examined vary in their structural attributes and laser response. With a CMOS-compatible lift-off technique, a high-Q optical resonator coupled to a PDMS microchannel for the detection of isopropanol (IPA) has been demonstrated. Femtosecond laser direct writing [FLDW] has been used to fabricate both optical waveguides and micro-channels in chalcogenide glass towards the development of integrated optofluidic circuits. The magnitudes of the photo-induced refractive index change and photo-expansion were shown to be independent of each other and differed significantly with the composition of the glass, which indicates a complex physical response to the absorbed laser energy. Micro-channel structures were fabricated using a two-step process involving photo-modification of the material in the desired pattern and subsequent sample wet etching, resulting in a 5.38μm wide and 2.3μm deep micro-channel. The fabrication of integrated optical and fluidic structures on a single chalcogenide glass chip will extend the functionality of lab-on-a-chip devices to compounds with optical signatures that extend into the mid-IR spectrum.
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